Abstract. The typical multiwavelength aerosol lidar data set for inversion of optical to microphysical parameters is composed of three backscatter coefficients (β) at 355, 532, and 1064 nm and two extinction coefficients (α) at 355 and 532 nm. This data combination is referred to as 3β+2α or 3+2 data set. This set of data is sufficient for retrieving some important microphysical particle parameters if the particles have spherical shape. Here, we investigate the effect of including the particle linear depolarization ratio (δ) as a third input parameter to the inversion of lidar data. The inversion algorithm is generally not used if 5 measurements show values of δ that exceed 0.10 at 532 nm, i.e. in the presence of non-spherical particles such as desert dust, volcanic ash, and under special circumstances biomass-burning smoke. We use experimental data collected with instruments that are capable of measuring δ at all three lidar wavelengths with an inversion routine that uses the theory of light scattering by randomly oriented spheroids to replicate scattering properties of non-spherical particles. This is the first systematic test of the effect of using all theoretically possible combinations of δ taken at 355, 532, and 1064 nm as input in the lidar data inversion.
Introduction

Lidar data
To date, few lidar instruments have the capability to measure 3+2+3 data sets and we refer to Burton et al. (2015) , Haarig et al. (2017a), and Hu et al. (2018) . Here, we use data of (1) HSRL-2 is the second-generation airborne HSRL developed at NASA Langley Research Center. It builds on the heritage of the HSRL-1 system (Hair et al., 2008) but operates at the laser wavelengths of 355, 532, and 1064 nm. The 3+2+3 data collected with HSRL-2 allow for a comprehensive characterization of different aerosol types (Burton et al., 2012) and the 10 retrieval of microphysical particle properties Müller et al. (2014) . Further details on the instrument can be found in Müller et al. (2014) and Burton et al. (2018) .
DISCOVER-AQ measurements with HSRL-2 were screened for observations that showed elevated levels of δ 532 . The observations were identified as dusty mix (Burton et al., 2012) and include flights during DISCOVER-AQ California 2013 (2 cases),
DISCOVER-AQ Texas 2013 (4 cases), and DISCOVER-AQ Colorado 2014 (3 cases). An overview of the DISCOVER-AQ
15 measurement days considered here is given in Table 1 . The optical input data for the inversion were obtained in the first step by averaging temporally over several minutes of measurements and in the second step by carrying out data averaging over height layers of 150 m.
3+2+3 measurements with TROPOS' BERTHA lidar during SALTRACE are used to assess the performance of the different inversion input data sets in the presence of pure dust conditions. This test under pure dust conditions is needed as such a 20 scenario was not encountered during DISCOVER-AQ.
While BERTHA had been used to characterize the optical properties of pure dust during the Saharan Mineral Dust Experiment (SAMUM, Tesche et al. 2009b) , the capability of carrying out triple-wavelength δ measurements with BERTHA has only recently been presented in Haarig et al. (2017a) . So far, such measurements have been performed to characterize mineral dust (Haarig et al., 2017a) , marine aerosols (Haarig et al., 2017b) , and biomass-burning smoke (Haarig et al., 2018 ). An overview 25 of the SALTRACE measurement days considered here is given in Table 1 .
Inversion of lidar data
The inversion of multiwavelength lidar data is based on using light-scattering kernels that were computed on the basis of Mie theory (Ansmann and Müller, 2005) . Veselovskii et al. (2010) were the first to investigate the possibility of using non-spherical scattering kernels computed for randomly oriented spheroids (Dubovik et al., 2006) . This study and those of Müller et al.
30
(2013) and Veselovskii et al. (2016) added the δ at 532 nm to the input data. The information provided by δ allows for retrieving the non-spherical particle fraction as an additional inversion output parameter. For instance, Müller et al. (2013) obtained nonspherical fractions close to 100% under conditions of pure Saharan dust as identified by δ 532 ≥ 0.31.
Because depolarization-ratio measurements at 532 nm are most common (Pappalardo et al., 2014; Baars et al., 2016) , it will be the first choice of the new standard input for the lidar inversion using non-spherical kernels (Veselovskii et al., 2010 (Veselovskii et al., , 2016 .
In this paper, we investigate if this input is sufficient for retrieving (some of) the microphysical parameters or if improved results can be obtained by adding depolarization information at 355 and/or 1064 nm (Gasteiger and Freudenthaler, 2014) .
Inversion calculations have been performed with eight base functions and by varying the minimum and maximum particle 5 radius of the inversion window between 0.075 and 0.450 µm and 0.1 and 10.0 µm, respectively. The real part of the refractive index was varied between 1.3 and 1.6 with steps of 0.05 while the imaginary part of the refractive index was set to cover a range from 0 to 0.03 in steps of 0.005. The non-spherical fraction was varied between 0% and 100% in steps of 10%. A non-spherical fraction of 100% means that calculations are performed using exclusively non-spherical kernels (i.e. the Dubovik model) while a value of 0% refers to using Mie kernels. This setup leads to a total of 3675 solutions per inversion run. In the analysis of the 10 inversion calculations, we have averaged those 140 to 200 solutions that revealed the smallest discrepancy to the optical input data.
Standard inversion outputs are particle number, surface, and volume concentration, effective radius derived from these parameters, complex refractive index, and single-scattering albedo (SSA). The inversion with spheroid kernels also provides us with an estimate of the contribution of non-spherical particles to the values we obtain for each of the parameters.
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For the measurements listed in Table 1 , inversion runs have been performed with depolarization input ranging from zero to three wavelengths. We obtain eight runs per measurement height bin. An overview of the various combinations and the name of each data set is given in Table 2 . The current standard input 3+2 data sets do not account for depolarization information (Set I).
Results
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We present selected measurement cases that illustrate the effect of the choice of inversion input data set on the retrieved aerosol microphysical properties. These case studies describe scenarios of varying concentration of non-spherical particles. We then discuss the results for the entire data set outlined in Table 1 .
Example: pure dust
A 3+2+3 measurement conducted with BERTHA on 20 June 2014 during SALTRACE, Barbados (Haarig et al., 2017a; 25 Weinzierl et al., 2017) has been chosen. This case represents nearly pure dust conditions, i.e. a situation dominated by nonspherical particles, and has previously been decribed in Mamouri and Ansmann (2017) . The profiles of β, α, and δ are shown with regard to the backscatter coefficient at 532 nm, according to the method described by Tesche et al. (2009b) . While higher dust fractions would be desirable to properly represent pure-dust conditions (see, e.g. Freudenthaler et al. 2009 ), the general scarcity of suitable measurement data means that this is the "purest" 3+2+3 dust case available to us at the time of this study. Figure 2 shows the results we obtained from the inversion of the eight depolarization-related variations of input data (see Ta- ble 2). We show the results for the effective radius, the 532-nm SSA, the non-spherical fraction, and the volume concentration.
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The inversion of all input data sets shows a decrease of effective radius and volume concentration with height. Little difference is visible in the inversion results for these parameters apart from the slight variation of Set I. We obtain a much clearer separation between the inversion results for Set 1 (the traditional 3+2 data set) and Sets II to VIII (which include depolarization information) for the SSA and the non-spherical fraction. The high values of δ 532 lead to a dust fraction above 80% (dashed line in Figure 2c ). Unsurprisingly, Set I is the only one that does not result in a very large fraction of non-spherical particles.
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In fact, non-spherical particle fractions were never found to exceed 40% when using the traditional 3+2 input regardless of the dust content in the mixed pollution plumes. A similar non-spherical fraction of on average 35% has previously been reported for the inversion of 3+2 data sets obtained for Saharan dust (Veselovskii et al., 2010) . The unrealistic values of non-spherical particles obtained for Set I coincide with SSA values of as low as 0.82. That value is much lower than the values we obtain for the other sets. SSA is slightly lower for measurement cases that include δ 355 (Sets II, V, VI, and VIII), compared to cases that 15 do not include depolarization information at 355 nm (Sets III, IV, and VII). Overall, input data sets that include depolarization information give similar output data for the case of pure dust conditions. provides more insight on the sensitivity of data products on optical input data that were taken under mixed dust conditions, i.e. a situation in which mineral dust is mixed with spherical particles and depolarization values are below the ones generally observed for pure dust. The column aerosol load during this measurement was rather low as indicated by an aerosol optical thickness (AOT) of 0.16 at 532 nm (see Table 1 ).
Example: mixed dust
The 3+2+3 profiles in Figure 3 show aerosols in a well-mixed layer up to a height of 2.4 km. The mean value of δ 532 is 0.099.
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This number translates to a dust mixing ratio of 0.346 (Table 1 The highest values are found for inversions that make use of the full set of δ λ , i.e. the 3+2+3 data set. Taking into consideration the profiles from all eight inversion runs, however, reveals that the choice of depolarization input seems to have no major effect on particle volume concentration -particularly not on the shape of the profile. In fact, we find comparably small differences of the values of volume concentration for the different input data sets that are defined by a 5 variable number of depolarization information.
In contrast, the use of a different number of depolarization information results in a much stronger spread of the non-spherical fraction. If we use no depolarization information we obtain spheroid fractions that vary between 20% and 30% and change erratically from height bin to height bin. The sets III, IV, and VII (i.e. those with δ 532 , δ 1064 , and δ 532 + δ 1064 ) result in rather high non-spherical fractions between 75% and 90%. This result seems to be a clear overestimate as such conditions would 10 refer to the dominance of mineral dust. This predominance is in disagreement with the dust fraction presented in Figure 3 . The most plausible spheroid fractions of around 40% combined with strong vertical homogeneity are found for input data sets that contain δ 355 , i.e. sets II, V, VI, and VIII. These values are also closest to the mean dust ratio of 0.35 that has been determined from the optical data (see Table 1 ). The profile follows the profile of the dust ratio (dashed line in Figure 4 ) quite closely.
The separation of the results for different input data can also be seen in the profiles of SSA at 532 nm, see Figure 4b . Data 15 sets that show higher non-spherical fractions also coincide with SSA values that are up to 0.02 higher than values obtained from optical data sets that include information on δ 355 . This study mainly targets the comparison of results we obtain from using different combinations of depolarization information. We consider the values of the non-spherical fraction more realistic and consider data sets that use δ 355 as more trustworthy than data sets that do not include depolarization information at 355 nm.
General findings
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Figure 5 presents two cases for which the choice of depolarization input has a profound effect on the retrieved non-spherical fraction. In the case of 13 July 2014, the steady decrease of δ λ with height translates to a similar decrease of the non-spherical fraction, but only for data sets that include δ 355 . In fact, this decrease closely follows the decrease of dust fraction with height.
As for the previous cases, no variation with height is found when using the traditional 3+2 data set. Sets III, IV, and VII, all of which are lacking depolarization information at 355 nm, do not result in non-spherical fractions smaller than 80%. The case of 25 17 July 2014 is even more striking as -in contrast to the previous examples -δ is low at all wavelengths and the dust fraction obtained from the optical data is actually zero. Despite this clear pattern of the optical data, the inversion of the different input data sets gives a wide range of non-spherical fractions: below 20% for Sets II, V, VI, and VIII; slightly higher values of up to 30% in the lower half of the aerosol layer for Set I; values between 40% and 70% for Sets III and VII; and more than 70% for Set IV. This outcome suggests that using δ 1064 does not improve the performance of our particular inversion method using the 30 spheroid Dubovik model. This result is in contrast to the results presented by Gasteiger and Freudenthaler (2014) . While δ 1064 certainly does provide additional informational content, this cannot be exploited when combining the Dubovik model with the inversion algorithm used in this study. A more complete picture of the effect of the choice of δ λ on the retrieved non-spherical fraction is provided in Figure 6 . The figure includes all 156 data points obtained from the cases listed in Table 1 . The results we obtain from the eight inversion runs is split according to data sets that include, respectively do not include δ 355 . As in the case of the examples shown before, we consider the retrieved non-spherical fraction as the microphysical manifestation of the optically-derived dust ratio (Tesche et al., 2009b) . Figure 6 clearly shows that only input data sets that include δ 355 lead to any meaningful correlation between dust ratio 5 and non-spherical fraction. The parameters of the linear regressions presented in Figure 6 are listed in the bottom half of Table 2 . The steepest slope and largest values of the squared correlation coefficients are found for Sets V and VIII, i.e. the sets that either use input values for δ λ at 355 and 532 nm or all 3δ λ , respectively. Figure 6b confirms that (i) non-spherical fractions above 40% are impossible to obtain from traditional 3+2 data sets, (ii) the data sets with δ 1064 give non-spherical fractions that are poorly correlated to the obtained dust ratios, and (iii) data sets that include δ 532 but not δ 355 result in increased non-10 spherical fractions that increase with increasing dust ratio but rarely stay below 40%. We therefore conclude from Figure 6 that δ 355 has a regulating effect on the inversion output and that data sets that include δ 355 are generally more trustworthy (certainly with respect to the non-spherical fraction) than those that do not include δ 355 .
In the following, we are hence contrasting the results for the volume concentration, the effective radius, and the SSA according to the two sub-sets of Figure 6a and b. We want to find out if these parameters differ within and between these two Figure 6 . Again, the choice of input data set has the smallest effect on effective radius and volume concentration, though the latter is systematically lower for Set II compared to Sets V, VI, and VIII. We don't find a similar effect in cases that 25 exclude δ 355 but still include information on particle depolarization. For the SSA, any inversion that considers δ 355 seems to give similar results. We find the same pattern for data sets that exclude δ 355 as long as any depolarization input is considered.
All inversion input that include some depolarization information generally give higher SSA values than the traditional 3+2 data set.
Discussion
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The non-spherical model of Dubovik et al. (2006) has been developed for application to sun photometer measurements in the framework of AERONET. This model marks a considerable advance when compared to treating light-scattering by nonspherical particles with Mie theory. However, this light-scattering model considers rather simplified particle shapes, i.e. ro- tational symmetric spheroids with a defined axis-ratio distribution which might not be suitable to reproduce all of the lightscattering properties of non-spherical particles in the atmosphere. Indeed, comparisons to independent in-situ measurements and lidar observations of Saharan dust during SAMUM have revealed discrepancies for the retrieved complex refractive index and single-scattering albedo (Müller et al., 2013) . In addition, the intensive lidar parameters lidar ratio and particle linear depolarization ratio, which can be calculated from the inferred scattering matrix, do not agree with coincident measurements at 5 the 355-and 532-nm lidar wavelengths (Müller et al., 2013) .
Shin et al.
(2018) present spectral lidar ratios and particle linear depolarization ratios representative for mineral dust from different source regions. The authors used the AERONET data base of level 2.0 sun photometer inversions. They find the best agreement to lidar observations of both parameters at the longer wavelengths of 870 and 1020 nm. Towards shorter wavelengths, the AERONET-derived values show an increase of the lidar ratio and a decrease of the particle linear depolarization ratio. Both 10 spectral behaviours are not found in lidar measurements of mineral dust (Freudenthaler et al., 2009; Shin et al., 2018) . Other models that employ more realistic geometries of non-symmetric non-spherical particles have been developed for use in lidar applications (Gasteiger et al., 2011) . These models suggest improvements in inferring aerosol microphysical properties from lidar data by using measurements of δ 1064 in the inversion (Gasteiger and Freudenthaler, 2014) . However, such alternatives generally lack the flexibility of the Dubovik model when it comes to their implementation for new applications. In addition,
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there are still enormous challenges involved in testing these alternatives in view of the complexity of particle shapes and the computational resources required for running simulation studies.
The results we obtain from our study are somewhat contradictory to the findings of Gasteiger and Freudenthaler (2014) and Shin et al. (2018) who attribute the greatest informational value and representativeness to observations of δ 1064 . We have performed the first systematic investigation of the effect of all possible combinations of depolarization-related inversion input at 20 the wavelengths of 355, 532, and 1064 nm on the retrieved aerosol microphysical properties. Particularly the retrieved fraction of non-spherical particles needed to reproduce the measured optical properties leads us to the conclusion that measurements of either δ 355 only or depolarization-ratio measurements at several wavelengths in which one of the parameters is δ 355 provide the most useful addition to the 3+2 data set for the inversion of lidar data using this methodology that have been collected in the presence of non-spherical particles. We emphasize again that this finding refers to using Dubovik's model of randomly 25 oriented spheroids for the description of light-scattering by non-spherical particles in this inversion algorithm.
Our findings provide insights that go beyond previous studies on the effect of adding depolarization information to the inversion of multiwavelength lidar data:
1. Previous studies focused exclusively on pure-dust situations, i.e. values of δ 532 of 0.30 (Veselovskii et al., 2010 (Veselovskii et al., , 2016 Müller et al., 2013) . These studies showed that the depolarization ratio should not be used as input for the inversion 30 of dust particle parameters. Instead, the inversion should be performed with 3+2 input and the non-spherical fraction manually set to 100%. Our results show that this conclusion may have been driven by using δ 532 . Our study shows that δ 532 may not be an ideal input parameter. 2. We present the first inversion results for lidar observations of mixtures of spherical and non-spherical particles of varying degree and varying spectral behaviour of the particle linear depolarization ratio. Considering such conditions rather than only pure-dust cases allows for using the retrieved non-spherical particle fraction as an additional indicator for the quality of the inversion results.
3. We present the first systematic (though relational) study of the effect of the choice of depolarization input based on 5 actual atmospheric triple-depolarization-ratio measurements. Previous investigations of the effect of depolarization input on the inversion results have been restricted to using either δ 355 (Di Girolamo et al., 2012) or δ 532 (Veselovskii et al., 2010 (Veselovskii et al., , 2016 Papayannis et al., 2012; Müller et al., 2013) , and thus, could relate the findings only to the results of using the conventional 3+2 input data set. The lack of spectral depolarization-ratio measurements under dusty conditions neither allowed for investigating how the choice of input parameters affects the quality of inversion results compared to 10 benchmark data nor test if the choice is ideal.
4. Following in the footsteps of AERONET, microphysical particle properties mark the next logical data product level in the analysis of multiwavelength aerosol lidar data. It is therefore of vital importance to define the minimum information needed for this purpose (i.e. the best choice of input data) as this decision relates directly to the optimum setup for lidar instruments whose measurements can provide this data product. This study represents an important step for determining 15 that information. The main issue in that regard is weighting the benefits of using instrument setups which are already highly challenging over the added information provided by these measurements. This decision-making is of particular importance in light of future spaceborne lidar missions that will focus on aerosol profiling as well as their airborne demonstrators. Veselovskii et al. (2010 Veselovskii et al. ( , 2016 use the complex refractive index in their argumentation of their preference of rejecting the 20 depolarization input in the inversion. They retrieve real parts of about 1.45 for pure dust, which are comparable to AERONET results. They conclude that imaginary parts obtained from the inversion of 3+2 input data lead to more realistic estimations of this parameter because values below 0.005 (derived from using 3+2+1) are below the findings from in-situ measurements (Müller et al., 2013) . Our preliminary analysis of the refractive index shows real parts of 1.50 to 1.55 for all combinations of depolarization input for both mixed-as well as pure-dust conditions (not shown). This result is more in line with independent 25 measurements of this parameter (Müller et al., 2013) . For pure dust conditions we obtain imaginary parts of up to 0.020 from the inversion of 3+2 data sets. All other sets lead to significantly lower values. For mixed-dust cases in which δ 532 < 0.25, we find significantly larger imaginary parts that show little difference to the results of using the 3+2 input data set.
Summary and conclusions
We have performed a first systematic relational investigation of the effect of using different combinations of depolarization TROPOS BERTHA during SALTRACE -two out of just three instruments currently capable of measuring δ λ simultaneously at all three wavelengths generally used in aerosol profiling with lidar.
We have selected eleven observations. Increased values of δ 532 can be used as a proxy for the presence of an increased concentration of mineral dust in atmospheric layers. Eight sets of optical data have been created for each of the individual measurements. Depolarization input ranged from zero to three wavelengths. We focused on a relational study in view of the 5 challenges connected to (i) using the AERONET light-scattering model that currently provides the best possible output results for sun photometer observations and (ii) the lack of light-scattering models that are proven to work for the special condition of observing non-spherical particles at 180-degree observation angle (lidar configuration). We are comparing the output of the different inversion runs to each other and to the dust ratio obtained from the optical data. In that way we want to identify the most plausible results.
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We find that inversion without depolarization information (i.e. the traditional 3+2 data set) cannot lead to non-spherical particle fractions larger than 40% even if non-spherical kernels, i.e. the spheroid Dubovik model, are used. We also find that the use of depolarization ratios at 532 or 1064 nm in combination with the Dubovik model give unrealistically high nonspherical particle fractions. These fractions generally exceed the dust ratio inferred from the measurements of β 532 and δ 532 following the procedure described by Tesche et al. (2009a) . While it needs to be emphasized that the non-spherical fraction as 15 inferred from the inversion is an artificial, non-physical parameter, it might be considered as the ratio of the concentration of dust to total particle concentration. The most realistic non-spherical fractions is found when using depolarization information at 355 nm.
The choice of depolarization input was found to have little effect on the retrieval of extensive parameters such as the volume concentration and the effective radius that can be derived from this extensive parameter. The use of depolarization input at any 20 wavelength, i.e. 355 nm or 532 nm or 1064 nm, generally increases the retrieved values of the 532-nm SSA compared to the 3+2 input. Our hypothesis is that the use of depolarization information leads to a lower value of the imaginary part compared to the inversion in which the traditional 3+2 data set is used. Consequently SSA increases. We conclude that any choice of input data to microphysical inversion using the Dubovik model is acceptable as long as it contains δ 355 . However, we do not find a significant advantage of using three δ over using δ at fewer wavelengths. This result leads us to conclude that the most suitable 25 input data set for lidar inversion using spheroid kernels is 3+2+1 in which we use δ 355 .
We investigated the connection between output of inversions for different sets of input data. Definite conclusions can only be drawn if coincident independent in-situ data were available for the considered cases. An alternative approach to circumvent any reliance on the accuracy of the non-spherical fraction would be to separate the optical input data according to the contributions of spherical and non-spherical particles (Tesche et al., 2009a (Tesche et al., , 2011b before running the inversion with non-spherical fractions 30 set to zero and unity, respectively. In any case, the use of spheroids for approximating light-scattering by non-spherical particles is limited for lidar applications (Müller et al., 2013) and new models with more realistic particle geometries (Kahnert et al., 2014; Nousiainen and Kandler, 2015) will be needed to accurately link microphysical properties to the optical parameters measured with advanced aerosol lidars (Gasteiger et al., 2011) . It is quite possible that such improved light-scattering models will show better skill in extracting the informational content provided by particle linear depolarisation ratios at 532 and 1064 nm. . Connection between the retrieved fraction of non-spherical particles (from inversion) and the ratio of non-spherical particles to the 532-nm backscatter coefficient (from lidar measurements of δ532) for the input data sets listed in Table 2 and the cases listed in Table 1 . We split data sets according to with (a) and without (b) the use of δ355, i.e. Sets II, V, VI and VIII and Sets I, III, IV and VII, respectively. Table 1 . Overview of the 3+2+3 lidar measurements taken with BERTHA and HSRL-2 and used in this study. The HSRL-2 aerosol type was determined following the procedure outlined in Burton et al. (2012) . Note that HSRL-2 measurements include transit flights. date time (UTC) height (km) mean δ532 dust ratio aerosol type
